1. Introduction {#sec1}
===============

With the advent of wearable systems for health monitoring, there is a tremendous need for the development of biodegradable self-powered devices to monitor the physiological state.^[@ref1],[@ref2]^ To this end, piezoelectric materials are appealing as they can generate electrical charges under mechanical stress and hence can be used for force/pressure-sensing applications.^[@ref3]^ The commonly used piezoelectric materials, such as lead zirconate titanate (PZT), lithium niobate, etc., exhibit strong piezoelectric properties, but they also contain toxic, nonrenewable, and nonbiodegradable components. In addition, synthesizing such materials often requires high temperature and an electrical poling process.^[@ref4]^ Such steps make it difficult to fabricate biodegradable sensors on flexible substrates for wearable health-monitoring applications, such as wound healing, where there is a need to measure the sub-bandage pressure to monitor the wound healing rate.^[@ref5],[@ref6]^ In such cases, pressure sensors integrated with a compression bandage can be helpful, and their biodegradability is desired for hygiene purposes. Exploring this aspect, the need for new biodegradable materials is increasingly becoming important for wearable systems.

Biobased piezoelectric materials, such as amino acids, collagen, cellulose, and peptide nanotubes, have raised significant interest in recent years due to their biocompatibility, renewable nature, low cost, and simple and low-temperature processing.^[@ref7]−[@ref9]^ Piezoelectric force sensors and power generators based on biomaterials such as cellulose nanofibril^[@ref10]^ and viruses^[@ref11]^ have been reported recently. The random distribution of cellulose nanofibrils in the film and low stability of self-assembled viruses on the substrate in these works limit their use in real applications. Further, most of the biomaterials have weak macroscale piezoelectric responses, and it is difficult to obtain a uniform and scalable unidirectional polarized structure. This is notwithstanding other recent works where by using a high electric field or by controlling the peptide solution and pulling speeds of the substrate, the aligned (both vertically and horizontally) piezoelectric peptide nanotubes have been shown to have significantly improved output voltage.^[@ref7],[@ref12]^ In this regard, the amino acids (e.g., glycine) are attractive as they can be self-assembled in organized polar crystalline structure at large scale. They can be grown as unidirectional crystals, and this makes them suitable for fabrication of pressure sensors. Processing in aqueous media, low cost, and high throughput are a few other advantages of these materials.

Glycine is the simplest amino acid which has been studied extensively in drug administration.^[@ref13]^ Glycine can be crystallized in three polymorphic phases (α, β, and γ) under ambient conditions. γ-Glycine and β-glycine are known to have piezoelectric properties due to a noncentrosymmetric polar structure, and the α-phase has a centrosymmetric structure without piezoelectricity.^[@ref14],[@ref15]^ A few recent reports have presented experimental evidence of the piezoelectric and ferroelectric properties of glycine^[@ref9],[@ref16]^ with a very high piezoelectric coefficient (*d*~16~ = 174 pm V^--1^) observed in the metastable β-phase.^[@ref17]^ However, due to the thermodynamic instability of the β-phase, not much has been reported on the application of the piezoelectric properties of the β-phase. Most of the research thus far has focused on stabilization of the polymorphs with techniques such as crystal growth in nanoscale crystallization chambers,^[@ref18],[@ref19]^ on patterned substrate,^[@ref20]^ or on Pt-coated Si substrates.^[@ref21]^ In all of these reported methods, the β-crystals were micro/nanoscale and/or are usually in a mixture with the other phases of glycine. In another recent work, piezoelectricity/ferroelectricity on self-assembled microislands of β-glycine on the Si substrate has been reported.^[@ref22]^ Although the reported microcrystals were quite stable and grown on the same crystallographic direction, it is difficult to use them for any device fabrication due to their small size and stability while in contact with the rigid silicon substrate. To overcome these challenges, a flexible piezoelectric composite of glycine crystals and elastomeric dielectric polymers is required.

In this work, we report the uniform and highly stable β-glycine films fabricated by growing glycine crystals in a chitosan matrix to obtain a flexible piezoelectric composite. To the best of our knowledge, the flexible piezoelectric sensors of glycine amino acids have not been reported so far. The bioresorbable chitosan polymers display a series of unique properties due to which they have been widely used in biomedical applications, such as temporary interventions inside the human body.^[@ref23],[@ref24]^ Due to its biodegradable, biocompatible, nontoxic nature and excellent antibacterial properties, chitosan has also been used in wound dressing.^[@ref25]−[@ref28]^ Chitosan could also increase the organization of collagen fibers in a collagen--chitosan film and enhance the piezoelectric response of the film.^[@ref29]^ Crystallization of some synthetic polymer in chitosan and the overall kinetics of crystallization have been reported in past,^[@ref30]^ and it is known that depending on the nature of the polymer matrix and interaction between the chitosan and primary nuclei, the crystals grow into various morphologies and structures.^[@ref31]^ However, there is no report on the self-assembly of biodegradable organic crystals within chitosan polymer. In this work, glycine powder was dissolved in chitosan polymer solution and films of β-glyine/chitosan (β-Gly/CS) were prepared via a simple solution-casting technique followed by drying at room temperature. By controlling the composition of glycine and chitosan, we successfully synthesized the crystallographically oriented and stable β-glycine crystals within chitosan. Here, chitosan is used as the matrix material, and the grown bio-organic glycine crystals are embedded in the chitosan film. The morphology and microstructure of the film were studied using optical imaging and scanning electron microscopy (SEM). The dielectric properties of the material including the impedance, dielectric constant, loss factor, and capacitance of the fabricated film were measured by impedance spectroscopic analysis. Finally, the flexible biodegradable piezoelectric films were used as functional materials in the piezoelectric sensors, and their sensitivity was measured under dynamic pressure (5--60 kPa).

2. Experimental Section {#sec2}
=======================

2.1. Fabrication of Glycine/Chitosan Composites Film {#sec2.1}
----------------------------------------------------

Low molecular weight chitosan and glycine powder were obtained from Sigma Aldrich. A 1.5 wt % chitosan solution was prepared by mixing chitosan powder with a 1% v/v acetic acid aqueous solution. A series of glycine/chitosan composite solutions, with glycine to chitosan ratios (w/w) of 0.4:1, 0.8:1, 1.2:1, and 2.7:1, was prepared by dissolving different amounts of glycine powder in the prepared 1.5 wt % chitosan solution by stirring. The well-mixed glycine/chitosan solution was drop casted onto the different substrates, such as Si wafer, glass, and inside a polystyrene Petri dish, followed by drying at room temperature for 24--48 h. After complete drying, the morphology and crystalline phase of the film that was obtained on different substrates were investigated. The effect of different concentrations of glycine on the final morphology and crystallinity of film was investigated and compared with plain chitosan. In addition, glycine crystals were grown from a 1% v/v acetic acid aqueous solution on the same concentration range and without chitosan to investigate the effect of the chitosan on the polymorph selectivity and controlled crystallinity of glycine molecules.

2.2. Fabrication of Glycine/Chitosan Sensors {#sec2.2}
--------------------------------------------

For measurement of the impedance properties and piezoelectric sensitivity of the film under the applied pressure, the film is required to be sandwiched between two electrodes. A 5 g amount of the solution with a glycine to chitosan ratio of 0.8:1 was drop casted on a 60 mm polystyrene Petri dish. The solution was dried at room temperature by evaporation, and glycine molecules formed an ordered crystalline structure inside the chitosan film. The grown glycine/chitosan film could be easily peeled off from the Petri dish ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). Subsequently, a gold electrode (Ti/Au) with a thickness of 10/90 nm was deposited on both sides of the glycine/chitosan film using a hard mask and electron-beam evaporation technique, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [1](#fig1){ref-type="fig"}c. Then wires were connected to the top and bottom electrodes, and the device was encapsulated with Kapton tape. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d shows the fabrication process of the glycine/chitosan piezoelectric sensor. The effective device area where the glycine/chitosan film was in contact with both electrodes was 144 mm^2^, and the film thickness was 38 μm. The fabricated sensor shows good flexibility ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and robustness, thus confirming its suitability in wearable systems.

![Optical images of the (a) glycine/chitosan (Gly/CS) film and (b, c) deposited Au electrodes on film and fabricated flexible sensor. (d) Schematic representation of the fabrication process of the flexible piezoelectric Gly/CS-based pressure sensor.](am9b21052_0001){#fig1}

2.3. Glycine/Chitosan Film and Sensor Characterization {#sec2.3}
------------------------------------------------------

The surface morphology of the glycine/chitosan film was evaluated using an optical microscope (Nikon, Eclipse LV100ND). The microstructure of glycine inside chitosan films and the cross section of the glycine/chitosan composite film were evaluated with scanning electron microscopy (FEI Nova NanoSEM). The crystalline phase of glycine inside chitosan was determined by X-ray diffraction (XRD) (PANalytical X'Pert PRO MPD diffractometer) using Cu Kα radiation (λ = 1.54059 Å) over the range of 10--50° with steps of 0.02°. The diffractometer uses JCPDS reference files, numbers 00-002-0687 (α), 00-002-0171 (β), and 00-006-0230 (γ), for glycine phases. The thickness of the fabricated glycine/chitosan film was measured using a profilometer (Bruker DektakXT stylus profiler). The dielectric properties, capacitance, and impedance of the glycine/chitosan film were evaluated by impedance spectroscopic analysis using an E4980AL LCR meter.

The output voltages generated by the piezoelectric glycine in chitosan, under soft manual touch, were measured with an Agilent 34461A voltmeter controlled with the LabVIEW program. A TIRA vibration system (S50018) that periodically generates compressive loads was used for measuring the sensor's sensitivity. The sensors were compressed by the mechanical shaker that delivered a sinusoidal force input, and the output voltage generated under the applied pressure was measured using an oscilloscope (Keysight, MSO-X4154A). The sensitivity is defined here as the voltage generated by the sensor divided by the pressure applied to excite the sensor (mV kPa^--1^ units).

3. Results and Discussion {#sec3}
=========================

3.1. Glycine/Chitosan Film Structural Characterization {#sec3.1}
------------------------------------------------------

β-Glycine was crystallized by casting and the evaporation technique from the aqueous chitosan solution with different percentages of glycine as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The crystallization duration for all samples (0.4:1, 0.8:1, 1.2:1, and 2.7:1 glycine:chitosan ratios) varied from 24 to 48 h depending on the initial concentration of glycine, and the composites with a lower concentration of glycine dried faster. We observed that the substrate did not have any effect on the film properties, and the film grown on different substrates with the same concentration of glycine had a similar morphology. It is known that polymeric and nonpolymeric materials often crystallize as spherulites when crystallized from viscous fluids.^[@ref32]^ Different morphologies of spherulites appeared in the films casted from the viscous solutions with 0.4:1, 0.8:1, 1.2:1, and 2.7:1 ratios of glycine to chitosan as presented in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the optical image of plain chitosan, and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, [2](#fig2){ref-type="fig"}c, and [2](#fig2){ref-type="fig"}d reveals three typical morphologies of spherulites in the film casted from glycine:chitosan with ratios of 0.4:1, 0.8:1, and 1.2:1 respectively. For a higher ratio of glycine:chitosan (2.7:1), thick fibrillar crystalline regions of glycine are observed in amorphous regions of chitosan, and they are randomly oriented in the film ([Figure. [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e). Morphological changes of the spherulite of glycine embedded in chitosan polymer with an increasing amount of glycine in the blends show different rates of crystallization. At a lower ratio of glycine to chitosan (0.4:1, 0.8:1), the film dried faster with an increasing number of nuclei. Following the nucleation, growth occurring under controlled diffusion of glycine molecules through the solution, the higher number of spherulite nuclei leads to a faster growth rate. A faster crystallization growth rate will cause formation of smaller and more branching fibrils as seen in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b and [2](#fig2){ref-type="fig"}c. With increased glycine ratios in the film-forming solution (1.2:1 and 2.7:1), the number of nuclei decrease and the growth rate reduces. At these higher ratios the width of the fibrils is larger and did not fill up the space, leading to many voids. Therefore, the fibrils in the lower glycine ratio piled up much more tightly than those in the higher.^[@ref33]^ Due to the larger rate of nucleation and growth at a lower concentration of glycine, the size of the spherulite decreases whereas their number per unit volume increases ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b), while at a higher concentration, the number of glycine nuclei decreases and the size of each spherulite increases ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). Glycine crystals was grown with the same concentration range in 1% v/v acetic acid aqueous solution without chitosan to confirm the effect of chitosan on polymorph selectivity of glycine molecules. They have been observed in two morphologies, mainly large bipyramid crystals and part of them in a fibril shape as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f.

![Optical microscopy images of (a) plain chitosan and spherulite morphology of glycine in β-Gly/CS film, grown from blends of various glycine to chitosan ratios: (b) 0.4:1, (c) 0.8:1, (d) 1.2:1, and (e) 2.7:1. (f) Optical micrograph of α and β polymorphs observed from evaporated water-based glycine solution.](am9b21052_0002){#fig2}

The polymorphic phase of the glycine crystals embedded in chitosan was characterized by XRD, and it is compared with plain chitosan XRD. The XRD patterns of glycine/chitosan confirmed the formation of crystals of piezoelectric β-phase structure inside chitosan ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, black curve). The positions of the peaks in the XRD spectrum were found to be in a good agreement with the data available in the JCPDS database for β-glycine. Various planes of reflections were indexed in XRD, as shown on [Figure. [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The XRD spectrum for plain chitosan (in red in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) exhibits a very broad peak and does not show any sharp peak due to the amorphous structure of chitosan. The high-intensity sharp XRD peak of the glycine/chitosan sample shows perfect crystallization of glycine. This result revealed that chitosan effectively modulated the kinetics of the self-assembly of glycine molecules in the crystalline structure. XRD of the same sample after a few months showed no changes and phase transformation. The stability of β-glycine may come from embedding crystals inside the chitosan polymer. Also, there is a possible electrostatic interaction and hydrogen-bond formation between molecular polar groups (amine and hydroxyl group) of glycine with the functional group of chitosan.^[@ref34]^ Films grown on the different substrates with the same composition showed a similar morphology and crystallinity, which means the structure of the bottom substrate does not have any effect on the film properties. The XRD results show formation of a thermodynamically more stable phase of glycine (α phase) in the absence of chitosan ([Figure. [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Optical images of the glycine crystals in the absence of chitosan are shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}f and in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b.

![(a) XRD pattern of pure chitosan film (red) and glycine/chitosan film (black) with a 0.8:1 ratio. (Inset) Optical image of chitosan (left) and glycine--chitosan film (right). (b) XRD pattern of glycine crystal grown in a water-based acidic solution without chitosan. (Inset) Optical image of the glycine crystals grown without chitosan).](am9b21052_0003){#fig3}

Even though the XRD result confirmed formation of the piezoelectric β-phase of glycine in all glycine/chitosan films (i.e., from 0.4:1 to 2.7:1 ratios, [SI](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf) Figure S1), due to the high crystallinity of glycine the samples with a higher glycine content were less flexible. For all other measurements, we focused on the film with a 0.8:1 glycine:chitosan ratio since at this concentration we obtained flexible films with significant piezoelectricity. Further, the film at this concentration is uniform and highly flexible and applying the electrode is easier. Thus, for sensor characterization of the film, we considered 0.8:1 as the optimum ratio of glycine relative to chitosan.

It is known that crystallization occurs in supersaturated solutions. In glycine/chitosan blends, the supersaturated phase and crystallization from these solutions will occur during evaporation of solvent. β-Glycine is the thermodynamically less stable phase of glycine; therefore, fast crystallization should lead to formation of β-phase.^[@ref19]^ Since the concentration of glycine in the chitosan solution is lower than the saturation level, the glycine/chitosan blend solution reaches a supersaturated condition just before complete drying of the film. Therefore, the crystallization process is very quick, and mainly the thermodynamically less stable β-phase of glycine has been observed. In addition, the crystal nuclei and polymer interface affect the nucleation rate, and the viscous matrix formed by chitosan around the crystals stabilized the formed β-glycine and does not allow phase transformation by time.

SEM images of the surface of a 0.8:1 ratio β-glycine/chitosan (β-Gly/Cs) film, shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a--c, clearly indicate formation of a spherulite morphology structure. The impinging spherulites with a linear interface between them indicate that these spherulites nucleated simultaneously ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a and [4](#fig4){ref-type="fig"}b). Each of these spherulite are like a single crystal with a nucleus in the center, and the fibrils of the spherulite radiate out dendritically from a central nucleus, as shown schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d.^[@ref35]^ This occurs by creation of the spherulite core by primary nucleation, followed by the radial growth of fibrillar crystals at a constant rate. The radius of these spherulites increases linearly with time until growth is stopped by spherulite impingement. Primary nucleation is heterogeneous and being controlled by the polymer surface that provide a surface upon which nucleation can occur faster. Radial growth is accompanied by branching or cloning of crystallites to fill the space. The reason for the faster rate is a lower surface energy provided by the chitosan, resulting in a reduced size for a critical nucleus. The boundary between them can be called domain boundaries. The spherulites contain crystal lamellae which are connected to each other by amorphous regions of chitosan ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c and [4](#fig4){ref-type="fig"}d). There were always a very few spherulites, and the size of these spherulites can reach a few millimeters as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, so that they can be seen even by the naked eye.

![(a--c) SEM images of spherulites of β-glycine crystallized inside chitosan at ambient conditions with a 0.8:1 glycine/chitosan ratio. (d) Schematic view of spherulite crystallization. (e, f) Cross-sectional SEM image of the β-Gly/CS film.](am9b21052_0004){#fig4}

A cross-sectional SEM image of β-Gly/CS ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e and [4](#fig4){ref-type="fig"}f) reveals the homogeneous growth of β-glycine with a needle-like spherulite structure. The growth of β-glycine occurred in the bulk chitosan where it is held compactly in the amorphous matrix. Since the crystals grow in a layer of chitosan, the structure of the bottom substrate does not have any effect on crystallization as mentioned above and the film is named as outstanding. In fact, chitosan affects the polymer selectivity and crystallization similar to the case where chitosan is used as the substrate for crystallization.^[@ref36]^

3.2. β-Gly/CS Film Dielectric Properties {#sec3.2}
----------------------------------------

The β-Gly/CS film (0.8:1 ratio) is sandwiched between two Au films as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and [1](#fig1){ref-type="fig"}c. The dielectric properties of the prepared sample were evaluated, and the results are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The capacitance of the β-Gly/CS film sample varies from 0.26 to 0.12 nF with increasing frequency from 100 Hz to 1 MHz, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. The piezoelectric nature of the film is further confirmed from the impedance plot at a high-frequency range in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b. The piezoelectrically coupled resonance is observed at a frequency of 125.89 kHz, and antiresonance is at 398.11 kHz (shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The observed values of resonance and antiresonance in the β-Gly/CS film are comparable to those observed for β-glycine pure crystals (resonance is at 409 kHz, and antiresonance is at 1626 kHz^[@ref17]^). From the impedance plot, it was found that the ac conductivity of the glycine is low at the low-frequency range (shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf)), which is due to its crystallographic structure where the variable range of the ion-hopping mechanism occurred. The glycine molecules are generally in the form zwitterions NH~3~^+^CH~2~COO^--^ with a hydrogen bond between them in the crystalline structure. Here, the proton ion hopping starts from the NH~3~^+^ to the COO^--^ group and then from COOH to NH~2~.^[@ref37]^ The observed higher ionic conductance of the material at high frequency could be due to this proton-hopping mechanism.^[@ref37]^ Further, the observed increase in conductivity with frequency is due to the grain or bulk conductivity of the material. These observations indicate that the conductance is due to mixed ionic and electronic conduction. Further, we obtained the dielectric constant (relative permittivity, ε~*r*~) of the material using the expressionwhere *ε*~1~ is the permittivity of the sample, *ε*~0~ is the permittivity of the free space, which is equal to 8.85 × 10^--12^ F/m, and *ε*~1~ is measured from the capacitance and the dimension of the sample. The fabricated samples have a thickness (*d*) of 38 μm (thickness was obtained by a stylus profilometer) and an area (*A*) of 144 mm^2^. From the analysis we observed that the dielectric constant of the material decreases with increasing frequency, as shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}c. At very low impedance, such as for at high frequency (1 MHz), the dielectric constant of the material is 3.5, and for high impedance (100 Hz) the value of the dielectric constant is 7.7. The high and low value of the dielectric constant in the different frequencies could be due to the ionic and electronic polarization occurring in the material. This relatively low permittivity suggests that β-Gly/CS is a good candidate for use in high-performance sensors. The piezoelectric voltage coefficient (*g* in Vm N^--1^), defined by induced voltage under applied stress, is crucial to obtain a sensor with the desired performance: *g~ij~* = *d~ij~*/ε~*r*~, where *g* is inversely proportional to the dielectric constant. Materials such as PZT have a higher piezoelectric strain coefficient (*d*~*ij*~); however, they also have higher dielectric constants.^[@ref38]^ In organic materials, due to lower values of the piezoelectric coefficient, a low dielectric constant is an advantage as it led to higher voltage outputs.

![Impedance spectroscopic analysis of a β-Gly/CS film for a potential of 10 mV: (a) Capacitance versus frequency; (b) variation of impedance with frequency and the piezoelectrically coupled resonance and antiresonance peaks observed at 125.89 Hz and 398.11 kHz, respectively; (c) variation of relative permittivity versus frequency.](am9b21052_0005){#fig5}

The energy loss in the piezoelectric generation of the material was measured using the loss tangent (tan *δ*) using the following expressionHere, *G* is the conductance of the material (shown in Figure S2 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf)), *ω* is the angular frequency, and *C* is the corresponding capacitance (shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). The results show that the loss factor varies between 0.18 and 0.08 in the frequency range from 100 Hz to 1 MHz. At very low impedance, such as for at high frequency (1 MHz), the loss factor of the material is 0.08. The observed value of the loss factor is comparable with the loss factor of the piezoelectric γ-phase of the glycine crystal.^[@ref39]^ The observed ionic conductivity, dielectric properties, capacitance, and loss factor of the device show that the fabricated device could have excellent applicability in pressure-sensing applications, as we discuss in the following section.

3.3. Piezoelectric Characteristics of the β-Gly/CS Sensor {#sec3.3}
---------------------------------------------------------

The piezoelectric output voltage performance and sensitivity of the β-Gly/CS-based sensor were measured to determine their suitability in pressure-sensing applications. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a and [6](#fig6){ref-type="fig"}b shows the experimental setup and the output voltage generated from the device when it was touched by hand. A repeat compression and release process showed the sensor responding uniformly with periodic positive and negative alterations ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). In addition, the output voltage was measured after reversing the electrode connections ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b) to demonstrate that the output voltage is truly from the piezoelectric effect in the β-Gly/CS film.

![(a) Experimental arrangement for evaluation of the β-Gly/CS-based pressure sensor. (b) Sensor output when it was touched by hand under forward and reverse connections.](am9b21052_0006){#fig6}

The charge generated by the β-Gly/CS device was measured as a function of the dynamic pressure using a TIRA shaker ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b shows the output voltage generated from the device under a dynamic pressure of 10 kPa and 5 Hz. The voltage generation is quite stable and repeatable with fast time response (\<100 ms). The cycling stability of the β-Gly/CS sensor device is confirmed under a constant pressure for more than 9000 cycles ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c). The produced voltage is measured with a 15 min interval and shows a good stability of signal over time. The sensitivity of the fabricated pressure sensor is investigated for the pressure range from 5 to 60 kPa. We observed that the generated voltage linearly increases with the applied compressive pressure as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d. For each applied pressure, the output was measured from five devices, and the average response and standard deviation are calculated ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d). The measured sensitivity of the β-Gly/CS sensor is 2.82 ± 0.2 mV kPa^--1^, which was evaluated from the slope of the curve in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d. A comparison of the piezoelectric sensitivity of the β-Gly/CS device with other reported nondegradable piezoelectric polymers has been presented in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf).

![(a) Schematic of the characterization setup consisting of a shaker/vibration generator for measuring the sensor's sensitivity. (b) Output voltages of the β-Gly/CS sensor under a 10 kPa applied pressure. (c) Cyclic measurement of the output voltage of the sensor for 9000 times repeated measurement at a pressure of 10 kPa and 5 Hz frequency. (d) Piezoelectric sensitivity of the sensor as a function of applied pressure.](am9b21052_0007){#fig7}

The compression of a piezoelectric film by an external pressure brings charge separation in the composite film and generates a noticeable voltage between two electrodes. The overall piezoelectric response is the combined result of different polarization directions as each spherulite shows radial crystallization. In glycine, each molecule has a local dipole moment directed from the amino- to the carboxy-terminal direction and spontaneous polarization of glycine crystals comes from summation of the permanent dipole moments of glycine molecules in the volume.^[@ref40]^ When an external pressure is applied to the device, each crystal undergoes deformation and strong net polarization is created due to movement of dipoles inside the crystalline structure from their equilibrium positions. This movement generates a potential difference in the film and between the top and the bottom electrodes and shows up as the piezoelectric voltage. When the mechanical pressure is released, the free charges flow back to the electrodes and produce a signal in the opposite direction. Thus, applying a higher compressive pressure leads to larger deformation of crystals and induces an enhanced piezopotential in the β-Gly/CS film.

It is interesting to note that the piezoelectric output open-circuit voltage ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}) varies with the applied frequencies, indicating the dependence of the output responses on the applied strain rate. At lower frequencies (i.e., 5 Hz) the peak to peak voltage output from the β-Gly/CS is small (about 70 mV). However, as the vibration frequency increases to 30 Hz, the peak to peak voltage output increases to more than 200 mV. This behavior can be due to the low stiffness of β-glycine crystals relative to ceramic piezoelectrics, and thus, the dynamic modulus increases with the frequency. The elastic constants for glycine crystals (Young's modulus 15 GPa^[@ref17]^) and chitosan film (Young's modulus 1.5 GPa^[@ref41]^) are smaller than typical inorganic piezoelectric materials such as PZT (Young's modulus 63 GPa).^[@ref42]^ Therefore, the elastic modulus of the β-Gly/CS composite film should be a value between 1.5 and 15 GPa. Because the piezoelectric voltage is known to be proportional to the elastic modulus of piezoelectric materials, an increase of the frequency of the applied vibration results in an increase of the signal generated by β-Gly/CS. This frequency-dependent increase in the piezoelectric output could find application in accelerometers and vibrometers.^[@ref43]^

![Piezoelectric output voltages of a β-Gly/CS sensor under a 10 kPa applied pressure at different frequencies (5--30 Hz).](am9b21052_0008){#fig8}

3.4. Biodegradability of the β-Gly/CS Sensor {#sec3.4}
--------------------------------------------

In this work, nondegradable electrodes were used to characterize the piezoelectricity of β-Gly/CS due to the standard fabrication process and durability. Due to the biodegradable nature of the materials (glycine and chitosan) used in this work, it is important to evaluate the degradation rate of the sensor. In this regard, Mg as a biodegradable electrode^[@ref1]^ was deposited on the β-Gly/CS film to fabricate a fully biodegradable sensor device. The solubility of the biodegradable sensor was evaluated in phosphate-buffered saline (PBS) solution (pH 7.4). [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf) shows the biodegradability of the device with Mg electrodes in PBS solution at room temperature. Mg electrodes degradation occurs within the first minutes of immersing the device in the PBS medium, and Gly/Cs film dissolved in the solution a few days after ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf)). Thus, the fabricated device could be used as a single-use disposable sensor for ex-vivo applications such as monitoring pressure under the compression bandages. Nonetheless, with suitable encapsulation the sensors could be used for longer periods in applications such as wearable systems. For example, the whole sensor structure could be encapsulated with a thin layer (100 μm) of biodegradable polymers with tunable degradation rates such as poly([l]{.smallcaps}-lactide-*co*-glycolide) (PLGA), which is resistant to water for up to 30 days.^[@ref44]^

The piezoelectric performance of the sensor can be further improved to suit several practical applications. As mentioned above, glycine crystals have a permanent polarization due to the permanent dipole moment of glycine molecules and does not require a high electrical voltage (poling) to induce piezoelectric properties like electroactive polymers. It has been reported recently that β-glycine crystals have a high shear piezoelectric coefficient in the range of 178 pm V^--1^,^[@ref17]^ which is much higher than most of the biological piezoelectric materials and is similar to piezoceramics. However, piezoelectricity is a third-rank tensor property and is known to be dependent on crystallographic directions. This means that the orientation of the crystals in the film has a significant effect on the overall piezoelectric response of the sensor. Therefore, the piezoelectric response of the β-Gly/CS film is expected to increase remarkably by controlling the crystallization process or upon film poling. Further fabrication process development such as growing crystal under an external electric field could increase the film output voltage sensitivity by growing crystals in a unidirectional crystallography orientation in the entire film.^[@ref45]^ Electrodes could also be applied with more simple techniques such as printing and using liquid metals that are highly conformable for wearable applications.^[@ref46]^ In addition, due to the ferroelectric nature of glycine β-phase,^[@ref22]^ poling could result in a uniform polarization of the entire film, which is not possible in most of the other piezoelectric biomaterials such as peptide nanotubes and cellulose fibrils. Fabrication of a multilayer sensor is another way to increase the sensitivity of the device.^[@ref47]^ The flexible biocompatible pressure sensor presented here with good sensitivity under low-range pressure can be useful for applications such as continuous monitoring of sub-bandage pressure and tissue-swelling pressure.

4. Conclusion {#sec4}
=============

The simple strategy for fabrication of a biocompatible and flexible piezoelectric pressure sensor made of biodegradable glycine and chitosan film presented in this paper could be useful for monitoring force/pressure in bioapplications. The chitosan enhances the flexibility of the brittle glycine crystals and could control the polymorph selectivity of the glycine molecules as well. The β-Gly/CS sensor relies on piezoelectricity, which allows the device to generate electrical output upon applied pressure. The sensor could produce a 190 mV output voltage under 60 kPa pressure with a sensitivity of 2.82 ± 0.2 mV kPa^--1^. The pressure sensor has a stable signal after 9000 cycles. The obtained results suggest that the glycine--chitosan composite is a promising new piezoelectric material for sensors application. Further, the room-temperature and simple water-based solution fabrication process and biodegradability make the sensor an attractive alternative for eco-friendly sensor applications, particularly in health applications where it is critical to maintain hygiene conditions. The fabrication process can be studied further to control and optimize the crystals structure and enhance the piezoelectric properties of the films. Furthermore, the piezoelectricity of β-Gly/CS could be employed to generate voltage from biological deformations to produce useful electrical stimulation for tissue repair/regeneration such as electrical stimulation of wound healing. As demonstrated in the literature,^[@ref48]^ the external electric field (even as low as 12.5 mV/mm) can effect cell migration toward the wound area and accelerate the healing process.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsami.9b21052](https://pubs.acs.org/doi/10.1021/acsami.9b21052?goto=supporting-info).XRD pattern of the glycine--chitosan film obtained from various glycine contents in the chitosan solution; variation of the conductance of the β-Gly/CS film with frequency; optical images showing the biodegradability of the piezoelectric β-Gly/CS pressure sensor in the PBS solution with time; comparison of the piezoelectric sensitivity of β-Gly/CS sensor with reported nondegradable flexible piezoelectric polymers ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_001.pdf))Voltage generated from the glycine/chitosan film during hand pressing ([MP4](http://pubs.acs.org/doi/suppl/10.1021/acsami.9b21052/suppl_file/am9b21052_si_002.mp4))
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